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We report an ultrafast, parallel and beyond-the-master micro-patterning technique for 
ultrathin (30 nm400 nm) non-absorbing polymer films by diffraction of a laser light through 
a two dimensional periodic aperture. The redistribution of laser energy absorbed by the 
substrate causes self-organization of polymer thin-film in the form of wrinkle like surface 
relief structures caused by localized melting and freezing of the thin-film. Unlike the 
conventional laser ablation and laser writing processes, low laser fluence is employed to only 
passively swell the polymer as a pre-ablative process without the loss of material, and without 
absorption/reaction with the incident radiation. Self-organization in the thin polymer film 
aided by the diffraction pattern produces micro-structures made up of thin raised lines. These 
regular microstructures have far more complex morphologies than the mask geometry and 
very narrow line widths that can be an order of magnitude smaller than the openings in the 
mask. The microstructure morphology is easily modulated by changing the film thickness, 
aperture size and geometry and by changing the diffraction pattern, e.g., by changing the 
aperture-substrate distance. 
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1. Introduction 
Micropattern generation
[1,2]
 by the multi-step top-down techniques such as photolithography
[3]
 
and by the self-organization based methods such as controlled dewetting,
[4,5]
 electric field 
lithography,
[6]
 etc. produce the pattern morphology and the pattern length scales that are 
commensurate with the mask, template or the master employed. We present here an ultra-fast, 
single step technique of beyond-the-mask pattern generation in non-absorbing thin (< 500 nm) 
polymer films by harnessing the self-organization induced by the low fluence laser diffraction 
patterns. In contrast to the nature of patterns generated by other techniques, the micro-patterns 
obtained here by simple masks are in the form of complex lattice-structures with line widths 
that can be tuned by the film thickness and can be more than an order of magnitude smaller 
than the mask openings.  
The fabrication of patterned and functionalized polymeric surfaces is an area of increasing 
interest because of potential applications in microfluidics, microelectromechanical systems 
(MEMS), polymer electronics, multifunctional coatings and bioengineering.
[1]
 In addition, 
patterned polymeric surfaces provide an inexpensive route to pattern other kinds of surfaces 
such as metals
 
and ceramics.
[2]
 Various lithography techniques are used to produce surface 
structures on polymer films and substrates.
[3]
 The most widely used UV lithography requires 
light sensitive polymers (photoresists) and involves multi step fabrication protocol (mask 
design, exposure, pattern developing etc.). Lithography techniques produce the pattern 
geometry, pattern length scales and line widths that are commensurate with the mask 
openings. 
 There are also several techniques based on self-organization in soft materials for 
generation of controlled micro-patterns that can be contrasted with the thermal energy 
induced self-organization studied here. For example, controlled dewetting of ultrathin (<100 
nm) polymer films have been extensively studied as a promising tool for polymer patterning. 
Polymer thin-films on physico-chemically patterned substrates produce patterned array of 
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polymer droplets, when destabilized by either heating above glass transition temperature (Tg) 
or exposure to solvent vapor.
[4]
 The characteristic length scales (feature size and wavelength) 
of dewetting strongly depend on the initial thickness of polymer film.
[5]
 The time scales 
involved in dewetting of highly viscous polymer films are typically of the order of several 
minutes and the structures can be aligned on the scale of physico-chemically patterned 
templates used as substrates for dewetting. Other approaches of self-organized patterning in 
thin films involve spatially varying patterned destabilizing force fields such as electric field 
and adhesive forces, etc.
[6]
 
 A different strategy for polymer patterning involves formation of surface relief structures 
in form of wrinkling and buckling of the polymer films under the mechanical stresses 
generated during stretching-compression, rapid heating-cooling cycles, differential swelling-
shrinkage etc.
[7]
 The characteristic length scales of the wrinkling and buckling scales with 
film thickness and the stresses in the film and substrate.
[8]
 
 Another widely studied technique for the patterning of laser-absorbing polymers and other 
hard materials like metals, glass and ceramics is laser ablation.
[9]
 Depending on its absorption 
and interaction with the material, laser light may break the atomic bonds or cause material 
melting and removal or modify it chemically and physically. Use of pulsed lasers (nano, pico 
or femtosecond) further adds the advantage of increased throughput by making it a continuous 
fabrication process. One can also use the structured light by incorporating interference and 
diffraction effects to produce more complex structures.
[10,11]
 Under low laser fluence, swelling 
or material expansion has been observed as a pre-ablative process, which forms wrinkle like 
patterns on the surface.
[12]
 However, a low absorption coefficient of the polymers (e.g., poor 
absorption of 355 nm laser in PS and PMMA
[13]
) renders melting and subsequent pattern 
formation difficult unless some polymer specific modifications are made for enhanced optical 
absorption.
[14]
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 The current work presents the self-organized patterns generated by laser processing of thin 
(< 400 nm) non-absorbing polymer films coated on absorbing substrates. In this technique, 
the structured light resulting from the near-field diffraction from a small periodic aperture was 
employed on a thin polymer film coated on silicon. Third harmonic of Nd-YAG laser (355 
nm) was used as the incident radiation. A single pulse of laser was sufficient to produce relief 
structures on the large areas (~cm
2
) of polymer thin films without any loss of material from 
the surface, making it a high throughput continuous process. Use of ultrathin polymeric films 
offers greater flexibility in controlling surface structures via self organization.
[6,7]
 Local 
melting caused by the absorption of structured light and rapid diffusion of heat in the substrate 
produce simple to complex structures that could be tuned by changing aperture size and 
geometry, polymer film thickness and aperture substrate distance. This method is capable of 
producing ultrafast (~100 ns), cheap, and large area patterns (~cm
2
) on a variety of polymers 
as it demands no special optical or chemical properties of the polymer. The patterns thus 
generated have some interesting and unique characteristics that are clearly differentiated from 
the patterns formed by other lithography and self-organization based methods: (1) the patterns 
are in the form of an open lattice-work structure consisting of fine lines with line-widths that 
are one to two orders of magnitude smaller than the mask openings, (2) the pattern-geometry 
is far more complex than the mask geometry, (3) both the pattern length scales and 
morphology can be modulated by changing the film thickness.  
 
2. Results and Discussion 
Polymer thin films coated on different substrates were irradiated by a single pulse of Nd-YAG 
laser and the patterns that evolved on the surface of polymer were examined under 
microscope. Figure 1 shows the schematic diagram of the experimental setup highlighting 
different aperture geometries and the process variables: half aperture width, a and the aperture 
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substrate distance, l. Effects of various process parameters, e.g. aperture size (a) and distance 
(l), film thickness, substrate etc., on the evolution of patterns are investigated. 
 
Figure 1. Schematic diagram of experimental setup showing adjustable apertures of various 
types (square, rectangular, hexagonal openings). The distance between film and aperture (l) is 
adjusted by micromanipulator. 
 
 Different types of substrates such as silicon, quartz, glass and ITO coated glass were used 
for coating polymer thin films. With silicon as the substrate for polymeric films, the patterns 
appeared prominently whereas there were no patterns on the polymer films coated on glass 
and quartz. Polymer films on ITO coated glass showed some poorly formed pattern. Based on 
these observations, it is evident that the substrate plays an important role in the proposed 
method of pattern formation in thin polymer films. For both the polymers (PS and PMMA), 
absence of any pattern when coated on glass and quartz substrates is due to their transparency 
to 355 nm light.
[13]
 Silicon, on the other hand, absorbs the radiation energy from the laser 
pulse and transfers it to the polymer in the form of thermal energy. The local heating and 
subsequent freezing cause reorganization of the polymer film in the form of wrinkle like 
surface relief patterns. The laser fluence used in the experiments was not sufficient to cause 
melting of silicon, which was confirmed by examining the substrate after selective removal of 
the patterned polymer film. In the subsequent discussion silicon is used as the substrate for the 
patterning of polymer thin-films. 
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 We first investigated the effect of the laser beam on the polymer film without using any 
micro-aperture. Randomly distributed wrinkle-like surface relief patterns have appeared on 
the films of both PS and PMMA. There are two characteristic length scales of these patterns: 
wrinkle line width (wc) and the mean separation between the wrinkle lines (Lc). Both of these 
are found to increase linearly with the film thickness (Figure 2). Relatively thick films (100 
nm < h < 400 nm) showed well developed, smooth, but sparse patterns. As the thickness is 
decreased, the patterns become increasingly denser and fragmented. The line-width of ridges 
decreased linearly with the film thickness. Figure 2a shows the linear dependence of the mean 
inter-line distance between the wrinkles, Lc on the film thickness in the case of both the PS 
and PMMA thin-films. This liner dependence is in the qualitative agreement with the earlier 
work on the dependence of wrinkle wavelengths on PS films subjected to thermal and 
mechanical stresses.
[8]
 Based on the refractive index of silicon at 355 nm, the surface 
reflection loss can be calculated, which is 75.77% at normal incident angle.
[15]
 Further, simple 
calculations of heat transfer at room temperature showed that the heat conduction through the 
silicon wafer is extremely fast (within a few hundred nanoseconds).
[16]
 The thermal diffusivity 
of PS being three orders less (Si: 0.91 cm
2 
s
–1
, PS: 5.86×10
–4
 cm
2 
s
–1
), one may expect 
compressive stresses in the polymer film leading to the formation of ridges on its surface. Use 
of thin non-absorbing polymer film is an essential factor in this patterning technique because 
the film should be thin enough to melt and reorganize before the heat diffuses away to the 
bulk of the conducting substrate. For the laser energies used in these experiments, films up to 
~400 nm could be patterned. The variation of the characteristic length-scales of the surface 
relief structures (Figure 2) is useful for optimizing the film thickness for a given diffraction 
pattern. For example, films thinner than 75 nm are required if a pattern with features of ~ 10 
m is to be fabricated. 
  - 7 - 
 
 
Figure 2. Wrinkle patterns formed on PS and PMMA thin films by exposure to single laser 
pulse without any mask and the dependence of characteristic length-scales of the pattern on 
the polymer film thickness. (a) Mean separation of wrinkles, Lc as a function of film thickness, 
h shows linear dependence for both PS and PMMA. Insets show the optical micrographs of 
the wrinkled PS films of thicknesses 68 nm, 145 nm and 294 nm, respectively. (b) Wrinkle 
line width, wc as a function of film thickness, h shows linear dependence for both PS and 
PMMA. Insets show the optical micrographs of the wrinkled PMMA films of thicknesses 86 
nm, 135 nm and 280 nm, respectively. (Scale bar: 50 µm) 
 Material properties such as molecular weight, thermal conductivity and viscosity are some 
of the important factors which govern Lc and wc. To decrease the value of Lc and wc, lower 
molecular weight, higher thermal conductivity and lower melt viscosity are favorable. 
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 Next, we characterize the pattern modification and control by the use of diffraction 
gratings. The near field diffraction is characterized by the Fresnel Number, F defined as: 
        laF /2          (1) 
Where a is half aperture width, l is distance of aperture from the substrate and  is the 
wavelength of incident light. Solving near field diffraction equations for a square aperture, 
one can get intensity distribution on the screen as shown in Figure 3.
[17]
 These patterns 
depend only on F, but not on the aperture width (a) or screen distance (l) individually. Some 
of the notable features in these patterns are: maxima adjacent to the edges of the square are 
most prominent, number of intermediate maxima increase with F, difference in intensity at 
bright and dark regions reduces with increasing F and the center appears bright in the case of 
odd numbered values of F. The patterns formed by a square aperture can be thought of as an 
orthogonal overlap of two identical single slits. By the same argument, one can constitute the 
near field diffraction patterns of hexagonal aperture as the combination of three identical 
single slits placed at the 60 angle to each other (simulations for hexagonal as well as 
rectangular apertures are not shown here). 
In the present work, apertures of different size and geometry have been used to establish a 
better understanding of the effects of diffraction pattern on the relief structures generated on 
thin polymer films. Results for four different types of apertures are reported here: square 
apertures of opening sizes 110 µm (aperture S1: a = 55 µm) and 36 µm (aperture S2: a = 18 
µm), a hexagonal aperture of 55 µm (aperture H1: a = 27.5 µm) and a rectangular aperture of 
size 282×36 µm (aperture R1: a = 18 µm).  
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Figure 3. 2D Simulated Fresnel diffraction patterns and corresponding 1D intensity profiles 
for Fresnel numbers, 1 to 6. The relative intensities of radiation maxima and the spatial 
distribution can be clearly seen.
[17]
 
 
 The correlation between experimentally obtained patterns with the simulated diffraction 
patterns is illustrated in Figure 4 for an 81 nm thick PS film with aperture S1. Value of F is 
calculated for each of the experiment using equation 1. The experimental parameters, l and a 
are chosen to produce nearly integer values of F, so that the diffraction intensity patterns are 
clearly resolved. For Figure 4a, calculated F is 3.94±0.07 (a = 55 µm, l = 2.16±0.04 mm) 
while for Figure 4b it is 6.09±0.17 (a = 55 µm, l = 1.40 ± 0.04 mm). In the further discussions, 
the closest integer value of F is mentioned for the experimentally obtained structures and 
simulated intensity patterns. 
First column images in Figure 4 are of patterned PS film, second column shows simulated 
intensity pattern corresponding to the same F, while third column shows overlap image and 
draws correspondence of each intensity maxima with pattern on the film. It is evident that the 
  - 10 - 
relief structures form where the laser intensity is higher. Interestingly, a unit cell of the 
polymeric structures guided by the diffraction pattern is already about an order of magnitude 
smaller than the aperture size, but the line widths are even smaller. 
 
Figure 4. Comparison of the optical images of experimentally generated patters on PS film of 
thickness 81 nm with the simulated images. (a) comparison for F~4 (a: 55 m, l: 2.16 mm) 
(b) comparison for F~6 (a: 55 m, l: 1.40 mm). Overlap image in both the cases show 
correspondence of intensity maxima with the pattern on the film. (Scale bar: 50 m). 
 
 In Figure 5, the effect of film thickness on the pattern formation is illustrated keeping the 
optical conditions unchanged (F, i.e., a and l). Figure 5a shows the simulated intensity pattern 
corresponding to F=8. For a 39 nm thick film (Lc~7 µm, wc~1.4 µm), the pattern on the 
polymer film is quite comparable to the simulated image, where patterns appeared 
corresponding to each intensity maxima (Figure 5b) that are separated by a distance of ~7 µm 
near the center of the pattern. Therefore, patterning becomes possible on the scale which is 
about one order smaller than the mask used (S1, opening size 110 µm). With the increased 
film thickness of 91 nm (Lc~9.5 µm, wc~2.8 µm), finer details start to disappear and only the 
gross pattern with a distorted interior is seen (Figure 5c). For a thicker film (135 nm; Lc~ 14 
µm, wc~ 4 µm), only the outer square pattern is seen, as the intensity maxima adjacent to the 
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edge is most prominent (Figure 5d). The relief structures corresponding to the weaker 
intensity maxima completely disappear in thicker films because of the less energy imparted 
per unit volume of the film. Thus, the size of patterns formed on thin polymer films is 
determined by a competition between the size of diffraction patterns and the characteristic 
length scales of the wrinkles (Lc and wc) formed without any aperture. 
 
Figure 5. Comparison of patterns on PS thin films when the film thickness is varied keeping 
diffraction conditions constant. (a) Simulated intensity distribution corresponding to F = 8. 
Patterns formed on PS films of thickness (b) 39 nm, (c) 91 nm and (d) 175 nm respectively at 
F ~ 8 (a: 55 m, l: 1.04 mm). (Scale bar: 50 m) 
 
 In Figure 6, effect of F on the pattern formation is shown on an 81 nm thick PS film 
(Lc~9 µm, wc~2.8 µm) using the aperture S1 (Figure 6a). It is evident from the figure that finer 
features start appearing within a unit-cell pattern when the aperture is brought closer to the 
film owing to the finer diffraction patterns at higher F (Figure 3). For relatively small F (F ≤ 
4), the diffraction patterns of neighboring cells interfere to form a more continuous pattern 
which results in less distinct boundaries of unit-cells. The resulting structure is a connected 
grid-like structure (Figure 6b, 6c). For higher F, the unit-cell pattern acquires a clear identity 
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with a greater density of finer features within each cell. For F ~ 8, the inter-line spacing 
within a box is about 10 µm which is an order of magnitude smaller than the size of opening 
in the aperture (110 µm) and same as the length scale of the diffraction pattern. The line 
widths of the polymer pattern are much finer (~ 3 µm). The ordered pattern formation occurs 
only in that part of the aperture opening where the inter-line spacing (Lc in Figure 2) is less 
than the distance between the neighboring intensity maxima. For example, Lc for the 81 nm 
film is about 9 m and thus ordered formation occurs for all F shown in Figure 6. In contrast, 
patterns in Figures 5c and 5d replicate the diffraction pattern incompletely owing to Lc of 
thicker films being larger than the separation between intensity maxima in the imposed 
diffraction pattern. Also, the gross size of separated unit-cell vary from 65 µm (for F~5) to 75 
µm (for F~8), which is about 30–40% reduction from the unit-cell size on the aperture. The 
quality of pattern is not so good in terms of fabrication of high fidelity structures; however, it 
may provide an effective and quick solution to surface texturing and low precision structures. 
 
Figure 6. Comparison of patterns on PS thin films when diffraction conditions are changed 
keeping the same film thickness. Optical micrograph (a) shows the square opening TEM grid 
used for patterning; and (b), (c), (d), (e) and (f) correspond to a patterned PS film of thickness 
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81 nm and different Fresnel number: F ~ 2 (a: 55m, l: 4.24 mm), 4 (a: 55m, l: 2.12 mm), 5 
(a: 55m, l: 1.72 mm), 6 (a: 55m, l: 1.4 mm)  and 8 (a: 55m, l: 1.04 mm), respectively. 
Insets show the enlarged unit-cell pattern formed within each aperture opening. (Scale bar: 
100 m) 
  
Next, patterns generated by a square aperture with smaller openings (S2, a = 18 m) are 
examined on thin PMMA films. F, being a quadratic function of a, rapidly drops to lower 
values. Moreover, for F≥3, the separation of intensity maxima within a square aperture 
becomes smaller than the characteristic length scales of the thin-film (h > 75 nm) and hence 
features within unit cell are generally absent. Figure 7 shows the patterns formed by using 
aperture S2 (Figure 7a) on 78 and 98 nm thick films. On a film with thickness 98 nm (Lc~15 
µm, wc~2.4 µm), only one circular ring-like pattern in each aperture opening is observed 
when the value of F is kept nearly 2 (Figure 7b). The diameter of circular pattern is ~18.5 µm 
with the line width of ~3 µm, both of which are close to the characteristic length scales (Lc, 
wc) of the relief patterns on 98 nm thick PMMA films (Figure 2). Further the size of structure 
is approximately half of the opening (36 µm) of the aperture used. As the film thickness is 
decreased to 78 nm (Lc~13 µm, wc~2.2 µm), finer features start appearing and pattern 
becomes increasingly fragmented and multi-branched with the appearance of four-fold 
symmetric and radially oriented features (Figure 8c and 8d). The overall size of the pattern in 
this case is about 28 µm, which is ~22% smaller than the mask opening, with the line width of 
~2 µm. In such cases, both the ring pattern and the star pattern generated are remarkably 
robust and well-defined over large areas. Clearly, complex patterns of this nature cannot be 
produced by photolithography or by any guided self-assembly based technique without using 
an intricate mask or template of matching complexity. 
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Figure 7. Optical micrographs of (a) the 400 mesh square opening TEM grid used for 
patterning, (b) patterned PMMA film of thickness 98 nm for F ~ 2 (a: 18 m, l: 0.56 mm), (c) 
patterned PMMA film of thickness 78 nm F < 1 (a: 18 m, l: 1.6 mm) and (d) patterned 
PMMA film of thickness 78 nm F ~ 2 (a: 18 m, l: 0.48 mm). (Scale bar: 50 m) 
 
 A grid of hexagonal openings (H1, a = 27.5 m) produces six-fold symmetric star shaped 
patterns on 98 nm thick PMMA films (Lc~15 µm, wc~2.4 µm) as shown in Figure 8. The 
gross size of unit-cell pattern is ~36 µm (~35% smaller than the mask opening) with a line 
width of ~ 2 µm,. Moreover, the six-fold symmetry along with the radial alignment arises 
from the similar symmetry in the mask. When the aperture is moved away from the film (F 
decreased), a circular pocket appears at the center (images in Figure 8b–d). This may be due 
to the fact that for lower F, laser intensity is concentrated more near the center (Figure 3) and 
after absorption in the silicon substrate, heat diffuses radially giving rise to the formation of a 
central circular ring.  
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Figure 8. Optical micrographs of (a) the hexagonal opening TEM grid used for patterning, (b) 
F ~ 9 (a: 27.5 m, l: 0.24 mm), (c) F ~ 4 (a: 27.5 m, l: 0.52 mm) and (d) F ~ 1 (a: 27.5 m, 
l: 1.44 mm) patterned PMMA film of thickness 98 nm. (Scale bar: 100 m) 
 
Patterns depicted in Figures 7 and 8 are examples of beyond-the-mask patterning where fairly 
complex shapes that are not otherwise easily fabricated by other means are produced from 
simple masks.  
The patterns created on PS films of thickness 138 and 75 nm by a rectangular aperture (R1, 
Figure 9a) with the opening dimensions of 282×36 m are shown in Figure 9. Patterns 
evolved in the form of smooth 2.5 µm thick twin lines separated by ~12 µm (Figure 9b) on a 
thicker PS film (138 nm, Lc~14 µm, wc~4 µm). However, for a thinner film (75 nm, Lc~8.5 
µm, wc~2.8 µm), patterns were fragmented (Figure 9c and 9d). Moreover, as F is increased 
from 1 (Figure 9c) to 2 (Figure 9d), splitting of the single line into two parallel lines is 
observed (the smaller dimension of the rectangular opening is used in calculation of F). The 
width of the pattern (twin or single line) is 12 – 21 µm which is ~ 66% smaller than the mask 
opening. Further the width of the fine lines bears no relation to the mask opening, but is 
determined only by the film thickness. 
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Figure 9. Optical micrographs of: (a) rectangular openings of the TEM grid used as a mask, 
(b) patterned PS film of thickness 138 nm with F ~ 4 (a: 18 m, l: 0.24 mm), (c) patterned PS 
film of thickness 75 nm with F ~ 1 (a: 18 m, l: 0.8 mm) and (d) patterned PS film of 
thickness 75 nm with F ~ 2 (a: 18 m, l: 0.48 mm) (Scale bar: 50 m) 
 
 Atomic force microscope surface topographs of these patterns confirm that they are in the 
form of surface relief structures with the aspect ratio (height to width) of less than 1. Figure 
10a shows a pattern consisting of square shaped enclosures in a PS film of thickness 175 nm 
for F~8. AFM topograph of a single square shaped enclosure is shown in Figure 10b. It is 
evident from the height profile that the height of these features is more than the film thickness. 
In this image, the protrusions are about 300 nm tall formed on a 175 nm thick PS film. 
Similarly in Figure 10c, star shaped enclosures on a 95 nm thick PMMA film are shown and 
Figure 10d shows an AFM scan of a single feature from this pattern whose height is about 180 
nm.  
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Figure 10. (a) SEM micrograph of a patterned PS film of  175 nm thick, (a: 55 m, l: 1.04 
mm, F~8) (b) AFM topograph of a single feature highlighted in (a), (c) optical micrograph of 
a patterned PMMA film of 95 nm thick (a: 27.5 m, l: 0.52 mm, F~4), (d) AFM topograph of 
a single feature highlighted in (c). (Scale bars in (a) and (c): 100 m) 
 
 In addition to the high molecular weight non absorbing polymers like PS and PMMA, a 
smaller organo-metallic molecule, Palladium hexadecylthiolate (PdSH) which absorbs the 355 
nm radiation was also employed to assess the role of laser absorption in the patterning media. 
Figure 11 compares the patterns generated on thin films of PS (88 nm), PMMA (95 nm) and 
PdSH (90 nm) using a hexagonal aperture (H1, 55 m opening). All the patterns were made 
using identical optical conditions, i.e. F ~ 9 (a: 27.5 m, l: 0.24 mm). It is evident from the 
images that the response to the laser pulse is qualitatively same in the case of the non-
absorbing polymers (PS and PMMA) which shows only a few broad patterns. On the other 
hand PdSH which absorbs the radiation shows entirely different pattern with all the intricate 
features of the diffraction pattern reproduced inside. It becomes possible by the low melt 
viscosity of lower molecular wt. PdSH which gives faster kinetic response in the structure 
formation on thin-films. 
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Figure 11. Patterns produced with hexagonal aperture on (a) PS film (88 nm thick), (b) 
PMMA film (95 nm) and (c) PdSH film (90 nm thick) using identical optical conditions (F~9, 
a: 27.5 m, l: 0.24 mm). (Scale bar: 20 m) 
 
 In principle one could keep on decreasing the aperture size and aperture distance to 
produce smaller and smaller patterns. But there are certain constrains that need to be 
addressed to make submicrometer features viable. To achieve submicrometer benchmark it is 
important that the both Lc and wc are in sub-micrometer range, which may be possible for 
small molecules or low molecular weight polymers. Moreover, to bring in near field 
diffraction effects (F >1) with smaller aperture width (a) both laser wavelength () and 
aperture distance (l) should be as small as possible (Equation 1). Laser wavelength cannot be 
decreased much below 200 nm (deep UV laser); therefore, for a 2 m opening aperture we 
need to work with the aperture distance close to 1 m to achieve F = 5, which is only possible 
by high precision nano-manipulators. Moreover, fragmentation of patterns are observed for 
lower Lc with or without using any aperture; probably, because of the lower inertia of thinner 
films to prevent chaotic wrinkling. Smoothness of the grid bar is also very critical in the 
formation of sharp diffraction pattern. For smaller grids the edge roughness of the grid is even 
more critical. 
 
3. Conclusions 
An ultrafast large area micro-patterning technique of thin-films of non-absorbing polymers 
(PS and PMMA) using nanosecond pulsed laser is demonstrated, which proves to be a simple, 
flexible and direct method. Exposure to a single laser pulse (~8 ns) causes absorption in form 
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of heat in silicon which provides sufficient energy to the polymer film to locally melt, 
reorganize and rapidly freeze to form wrinkle like surface relief structures. Characteristic 
length scales (Lc, wc) of relief structures formed on laser exposure without aperture are found 
to increase linearly with the film thickness. Near field diffraction effects in the patterning are 
incorporated by placing small periodic apertures of different sizes and geometry and are fine-
tuned by changing the distance between aperture and thin-film. Relief patterns on the thin-
films are formed by a competition between the characteristic length scales of wrinkle 
formation and the imposed diffraction pattern. Using a large opening aperture with large value 
of F on thinner polymer films (< 50 nm), one order smaller patterns than the mask are 
obtained, however, the fidelity of these structures is poor. Relatively thicker films (>90 nm) 
produce smooth patterns of some regular shapes such as square, circular, star shaped patterns 
and open micro-channels, etc. that can find applications in microfluidics and biological micro-
arrays. Further, multi-fold symmetric complex structures are observed in thinner films (<90 
nm) with smaller apertures. Also, a size reduction of 22 – 66% is observed in the unit-cell of 
the patterns formed as compared to the aperture opening. Finally, an absorbing film of PdSH 
is shown to produce much complex structure aided by low viscosity hence better kinetics of 
the material to form these structures. 
 
4. Experimental Section 
Nd-YAG nanosecond pulsed laser (Quanta-Ray® Lab, Spectra Physics) is employed as the 
coherent light source for the experiments. 355 nm wavelength UV radiation is used which is 
the third harmonic of its fundamental wavelength (1064 nm). The fluence is varied between 
100–400 mJ cm–2 and tuned around the onset of visible surface patterns avoiding film rupture, 
which works out to be 250 mJ cm
–2
. Unless otherwise mentioned, in all the experiments only 
a single laser pulse (~8 ns) of 250 mJ cm
–2
 fluence was used. All the experiments were done 
with parallel laser beam without using any kind of lens or focusing mechanism. Experimental 
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setup, as shown in Figure 1, consists of a periodic aperture, i.e., commercially available TEM 
grids namely Gilder 200 mesh grids, Veco 400 mesh grids, Veco hexagonal 300 mesh grids 
and Veco Slotted Pattern 75/300 mesh grids. Gilder 200 mesh grids have square aperture of 
110 m, Veco 400 mesh grids have square aperture of 36 m, Veco hexagonal 300 mesh 
grids have 55 m openings, while Veco Slotted Pattern 75/300 mesh grids have rectangular 
opening of 282×36 m. The aperture is held using a micromanipulator to allow changing the 
distance between aperture and the substrate precisely (precision x-y: 100 m, z: 40 m). PS 
and PMMA of average molecular weights, 280,000 and 120,000 respectively were procured 
from Sigma Aldrich. Thin-films of thickness ranging from 30 nm to 400 nm were spin coated 
on thoroughly cleaned substrates (silicon wafer/quartz/glass) by using 0.5–5 w/v % polymer 
solutions in HPLC grade toluene. PdSH, Pd(SC16H33)2 was prepared by mixing and 
vigorously stirring equal moles of Pd acetate and hexadecanethiol in toluene.
[18]
 The resulting 
thiolate was dried and washed with methanol and acetonitrile to remove excess thiol and then 
dissolved in toluene. Thin films of this material were spin coated on cleaned substrates using 
this solution. Thickness measurements of thin films coated on substrates were carried out 
using ellipsometer (Nanofilm, EP
3
-SE). Imaging of the patterned films was done using optical 
microscope (Leica DMLB 100s), field emission scanning electron microscope (Zeiss Supra 
40VP) and atomic force microscope (Veeco NanoMan). A java applet is used to calculate the 
diffraction pattern and intensity distribution for different Fresnel numbers.
[17]
 Calculation of 
mean separation between wrinkle lines of random surface relief patterns generated from the 
exposure of polymer films with laser without any mask, is done by drawing 6×8 grid in three 
different images and taking the mean value of distance between two intersections and 
standard deviation as the error bars. Line width of these patterns was calculated by taking 10 
point average in three different images. 
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